Understanding of the regulation mechanisms of CXCR4 signaling is essential for revealing its role in physiological and pathological processes. Though biochemical pathways following CXCR4 activation by its ligand CXCL12 are well established, knowledge about the receptor dynamics on the plasma membrane remains limited. Here we used Ewing sarcoma-derived cells to unravel the processes that are involved in regulating CXCR4 dynamics on the plasma membrane during receptor signaling. Single-molecule epi-fluorescence microscopy showed that CXCR4 was present in monomeric state on the plasma membrane independent of receptor stimulation. However, upon activation freely diffusing receptors were immobilized in a ligand concentration-dependent manner. CXCR4 immobilization was strongly correlated with the ability for G-protein signaling and was a precursor of subsequent endocytotic events. Our data suggest that, a balanced regulation of G-protein dependent and independent pathways is required for controlling CXCR4 receptor mobility, and potentially subsequent controlled signal transduction.
Introduction
Ewing sarcoma is a high-grade aggressive tumor occurring predominantly in bones of young children and adolescent. About a quarter of Ewing sarcoma patients have developed metastasis present at first diagnosis [23] . The characteristic and most common chromosomal translocation fusing a portion of the EWSR1 gene to the FLI gene, t(11;22)(q24;q12), results in the chimeric protein, EWS/FLI. This translocation was shown to change the expression of many different genes [23] . Frequently over-expressed in Ewing sarcoma is the chemokine receptor/ligand CXCR4/CXCL12 axis that was suggested to promote tumor progression and cell growth [3] . Additionally, CXCR4 was shown to be associated with Ewing sarcoma metastasis and with a poor prognosis for patients [2, 19] . Thus, understanding of the molecular mechanisms of CXCR4 signaling regulation is essential.
The C-X-C motif chemokine receptor type 4 (CXCR4) belongs to the class of G-protein coupled receptor (GPCRs). CXCR4 selectively binds to the C-X-C chemokine CXCL12. The CXCR4/CXCL12 pathway is biochemically well studied [55] . Binding of CXCL12 causes conformational changes of the receptor and promotes activation of the G-protein hetero-trimer. Dissociation of the trimer into G α -and G βγ -subunits leads to initiation of the respective pathways downstream of CXCR4. CXCR4 activates four different G α subunits [43] in turn mainly coupling to G αq and G αi [55] . Activation of G αq regulates proteinkinase C (PKC) signaling that leads to Ca 2+ release. The G αi -pathway involves activation of Akt, Erk1/2 and Cdc42 cascades. Dissociated G βγ activates phospholipase-C (PLC) and phosphoinositide-3 kinase (PI3K). The ultimate outcome of CXCR4 signaling leads to gene transcription, cell adhesion and cell migration [6, 38, 55] and hence can be involved in tumor, e.g. Ewing sarcoma, progression and metastasis.
Frequently GPCR signaling is controlled via receptor dimerization. There is evidence that CXCL12-induced activation of CXCR4 leads to the formation of heterodimers with CCR2 and CXCR7 [11, 24, 27, 53] . It was shown that CXCR7 can regulate CXCR4-dependent pathways by promoting or inhibiting G-protein activation [11, 24] , or act as a CXCL12 scavenger [37] . However, some Ewing sarcoma cells, including cell line A673, do not express CXCR7 nor CCR2 to any significant level ( [2, 47] ; see also table S1 in the supplemental material) such that heterodimerization with the latter is unlikely.
Many GPCRs are in a dynamic equilibrium between monomers and homo-dimers on the plasma membrane [18] . BRET experiments imply that a small portion of CXCR4 forms homodimers even in the absence of CXCL12 [14] . Additionally, the CXCR4 crystal structure suggests that CXCR4 are homodimers [64] . Some studies report that stimulation with CXCL12 is required for CXCR4 homodimerization [53] , while others report no dimerization of CXCR4 upon activation [14] .
Along with receptor dimerization, internalization of GPCRs is considered a regulatory process. Upon activation CXCR4 promotes β-arrestin recruitment that subsequently leads to receptor internalization. Internalized receptors in turn can be recycled to the plasma membrane or follow the lysosomal path towards breakdown [6] . This process is recognized as receptor desensitization. In Ewing sarcoma endocytosis was identified to have a strong impact on receptor signaling [32] . Moreover, the main component of caveolin-dependent endocytosis, caveolin-1 is overexpressed in Ewing sarcoma [39] suggesting an important role of endocytosis in signal disregulation in these cells.
In summary, knowledge about CXCR4 dynamics on the plasma membrane is controversial. Hence, we decided to use the high spatial and temporal resolution that is combined in single-molecule microscopy to obtain novel understanding of CXCR4 signaling. In the last decade a number of single-molecule studies were undertaken to study receptor dynamics on the plasma membrane and relate the findings to the signaling outcome [7, 10, 17, 25, 58, 66] . Here we investigated the membrane dynamics of CXCR4-eYFP in the Ewing sarcoma derived cell line A673 and followed receptor endocytosis on stimulation. We observed a correlation between receptor stimulation and mobility. Immobilization of the activated receptor was facilitated via clathrin-dependent endocytosis. Interestingly, we found indications that a regulatory cross-talk between G-protein dependent and independent pathways was acting in controlling regulation of CXCR4 signaling from the plasma membrane.
Results

CXCR4-eYFP is functional in A673-CXCR4 cells
We used the Ewing sarcoma-derived cell line A673 [31] . For fluorescence imaging of CXCR4 we stably transfected A673 wt cells with DNA encoding for CXCR4-eYFP (further referred to as A673-CXCR4 cells). We estimated the transfection efficiency to be~50%. The transfected cells exhibited different expression levels of the CXCR4-eYFP construct. This mixed population of cells with high and low expression levels of CXCR4-eYFP, was advantageous given the different requirements of the respective experimental techniques. Where single-molecule imaging demanded a low density of the fluorescent molecules (b 1 μm −2 ), other imaging techniques, in particular confocal microscopy, required substantially higher expression levels. The expression level of CXCR4-eYFP in A673-CXCR4 used for single molecule imaging was estimated as described in [10] . Briefly, the cell's membrane surface we approximated as a spheroid with a short axis of 20 μm and long axis of 50 μm yielding a cell surface area of~1.1 × 10 3 μm 2 . The fluorescence of CXCR4-eYFP at the apical membrane was detected when illuminated at 2 kW/cm 2 and 514 nm. The measured signal (35 × 10 3 cnts/pxl) was divided by the signal predicted for individual eYFP molecules under the same conditions, 220 cnts [15, 16, 59] . This calculation yielded an average expression level of (4±1) × 10 4 CXCR4-eYFP molecules per cell, which is within the reported range of endogenous expressed GPCRs in mammalian cells [30] . Confocal microscopy showed that CXCR4-eYFP was primarily localized at the plasma membrane ( Fig. 1A ). CXCR4-eYFP was uniformly distributed and did not form any macroscopic domains ( Fig. 1A left) . The CXCR4-eYFP localized in the intracellular compartments in confocal imaging was presumably a result of overexpression.
To show that the CXCR4-eYFP was functional and that the fluorescent tag (eYFP) did not alter CXCR4 signaling, we performed functionality assays on A673-CXCR4 cells. First, we measured intracellular calcium release upon receptor stimulation using the Ca 2+ reporter Fluo4-AM. Cells were pre-incubated with Fluo4-AM, and subsequently the change in fluorescence signal on global stimulation of the receptors with 100 nM CXCL12 was monitored for individual cells. The increase of the fluorescence intensity of Fluo4-AM corresponds to the increase of cytoplasmic Ca 2+ . Fig. 1B shows a representative measurement of the change of fluorescence signal. The data shown were normalized to the signal before cell stimulation. Similar to the results reported earlier [36, 61] , stimulation with CXCL12 caused a calcium release, within 20 s. Cells expressing CXCR4-eYFP showed a 3.8 ± 0.3-fold intensity increase after receptor stimulation. This result indicates that CXCR4-eYFP were functional and capable of inducing Ca 2+ release through the respective, G αq and G αi -associated activation of the PLC-β pathway.
Another pathway activated shortly after receptor stimulation induces receptor endocytosis. Many GPCRs show internalization via clathrin-dependent endocytosis [61] . Some studies revealed, that upon stimulation CXCR4 internalizes 2 min after activation and reaches a maximum internalization level after~30 min [41, 61] . Therefore, we confirmed that CXCR4-eYFP behaved similarly using 2 min time-lapse confocal imaging after CXCL12 addition ( Fig. 1C ; Movie 1 in supplementary material). Endocytotic vesicles that contained the fluorescent receptor were manually counted in each frame. Fig. 1C shows, that after 20 min the number of vesicles increased significantly and reached a maximum after 40 min. The lack of internalization at an earlier time could be explained (1) by the fact that with confocal imaging only vesicles containing multiple copies of CXCR4-eYFP could be detected.
(2) Only at a later time the newly formed vesicle detached from the plasma membrane had travelled far enough (~600 nm) to be distinguishable as entities inside the cell [20, 52] . Our result confirmed that activation with CXCL12 leads to internalization of CXCR4-eYFP, presumably followed by concomitant activation of the β-arrestin pathway.
It should be noted that the migratory behavior of the A673-CXCR4 cells in a scratch assay was not altered when compared to the A673 wt cells (data not shown). Independent on stimulation with CXCL12, A673 cells showed only low migratory capacity. In summary, we showed that CXCR4-eYFP was properly localized, functional and did not alter the physiological response of the cells. Therefore, we concluded that the A673-CXCR4 cell line was suitable for the study of CXCR4 dynamics and to derive physiological effects.
CXCR4 do not homodimerize upon activation in A673 cells
The biochemical responses of CXCR4 upon stimulation are well established [55] . CXCL12 binding to CXCR4 facilitates conformational changes of the receptor leading to the activation of multiple pathways [55] . However, knowledge about a possible role in CXCR4 dimerization upon activation is still limited. Earlier reports showed that in 293T cells CXCR4 can be observed in a homo-dimeric configuration in resting cells and undergoes further homodimerization upon stimulation with CXCL12 [14, 53, 62] . To test for the presence of homo-dimers/ multimers of CXCR4-eYFP in A673, we analyzed the signal strength of N10 5 signals that were detected on the plasma membrane of transfected cells with and without stimulation by CXCL12 ( Fig. 2 ). For individual eYFP molecules at an illumination intensity of 2 kW/cm 2 at 514 nm and an illumination time of 5 ms we expected a signal of~220 cnts for individual YPF-molecules [15, 16, 59] . The appearance of larger signals (N400 cnts) would indicate, that two or more eYFP molecules were detected within the same diffraction limited signal, therefore pointing to receptor dimers or multimers, respectively [7, 34, 49] . For resting cells (0 nM) the signal distribution showed only one peak with the maximum at~200 cnts ( Fig. 2 ), corresponding to CXCR4-eYFP monomers. The monomeric distribution did not change upon stimulation with various concentrations of CXCL12 up to 200 nM ( Fig. 2) , indicating that CXCR4 stayed monomeric even after activation.
In summary, CXCR4 is a monomeric protein on the plasma membrane of A673 cells independent of its activation state by CXCL12.
Activation of CXCR4 causes immobilization of the receptors
To get deeper insights into the behavior of CXCR4 on the plasma membrane and how it is regulated upon stimulation we applied single-molecule fluorescence microscopy and studied the diffusion dynamics of individual CXCR4-eYFP receptors on the millisecond time-scale at a position accuracy of σ p.a. = 35 ± 7 nm ( Fig. S1 ). A 514 laser beam at 2 kW/cm 2 was used in the triggered mode (5 ms illumination) to acquire movies with 1500 frames at a frame-rate of 20 Hz. Each detected fluorescent signal was fit to a 2D-Gaussian ( Fig. 3A) and
filtered with respect to the previously determined eYFP footprint [59] . Subsequently, analysis by particle image correlation spectroscopy (PICS) [51] was applied to construct the cumulative probability density functions (cdfs) of square displacement for various time lags. Our results revealed that in resting cells the cdfs were best described with a model accounting for two fractions, a mobile receptor fraction and an immobile receptor fraction ( Fig. S2A , green line). The fraction size (α) and mean square displacements (MSD 1 and MSD 2 ) were calculated according to Eq. (1) in M&M for various time lags from 50 ms up to 300 ms. The change of MSD 1 and MSD 2 varied with the time lag as shown in Fig. 3B . MSD 2 did not change over time and was equal to 0.013 ± 0.001 μm 2 . It is important to note that the value of MSD 2 was significantly larger than that predicted for an immobile receptor of 4σ p.a. = 0.005 ± 0.001 μm 2 . This indicates that processes at a shorter time scale (b50 ms), which we could not detect with our imaging settings were responsible for this initial increase. Nonetheless, for brevity, we further refer to the receptor fraction with MSD 2 as immobile.
MSD 1 showed a linear dependence on the time lag as predicted for free diffusion (Fig. 3B ). Fitting according to Eq (3) in M&M yielded D CXCR4 = 0.18 ±0.01 μm 2 /s. This value is in good agreement with the diffusion coefficient determined, e.g. for the cAMP-receptor in Dictyostelium (0.17 ± 0.02 μm 2 /s) [10] or other GPCRs in mammalian cells [7, 25] . The fraction of mobile receptors comprised α = 81±3% of the receptors.
To study how the activation of CXCR4 influences the behavior of the receptor on the plasma membrane, we applied global stimulation of the cells with CXCL12. CXCL12 was added to the cells right before imaging and single-molecule data were collected within the following hour. Up to five cells were imaged sequentially during one experiment. Each cell was taken as a representative of a 10-15 min time window after CXCL12 addition. At least 20 cells were imaged per condition. As shown in Fig. 3D the mobile receptor fraction size (α) detected for every individual cell during activation exhibited a similar value as for the following cells. The mobile receptor fraction determined from simultaneous analysis of all cells within the experiment (Fig. 3D , All) exhibited the same value as that of individual cells. This result suggests that receptor stimulation had a long-lasting effect on the receptor mobility and did not change over time within 60 min.
Our results showed a strong correlation between receptor stimulation and receptor mobility in a concentration-dependent manner. Addition of increasing concentrations of CXCL12 systematically shifted the cumulative probability distribution of square displacements to lower values (Fig. S2B ). The shift in the cdf was attributed to a redistribution of the receptor fractions. As shown in Fig. 3C , the mobile receptor fraction decreased from~80% (no CXCL12) to~45% (200 nM CXCL12) in a CXCL12 concentrations-dependent manner. This finding was in agreement with earlier findings for other GPCRs [17, 25] . It is noteworthy that an increase in receptor mobility has been found for cAMPreceptor in Dictyostelium [10] and for GABA B in HEK293 cells [7] .
In summary, our results showed that CXCR4 on the plasma membrane is either freely diffusing or immobile. CXCR4 is immobilized upon stimulation with CXCL12 in a concentration-dependent manner.
Actin cytoskeleton is not responsible for CXCR4 immobilization
Many studies agree that GPCR dynamics is actin-cytoskeleton regulated [1, 28, 40, 57] . Thus, we decided to test whether the actin cytoskeleton underlining the plasma membrane could be involved in modulation of CXCR4 mobility. For this purpose, we induced actin depolymerization by Latrunculin B (LatB). Pre-incubation with LatB for 30 min was sufficient to effectively deplete actin ( Fig. S3 ). LatB induces only temporal actin-cytoskeleton depolymerization. We analyzed the data acquired within the first 30 min after medium exchange, while the data collected at 30-60 min after which the membrane-skeleton was re-established served as a control. To our surprise actin depolymerization did not lead to an increase of the mobile receptor fraction but rather to a decrease to~61% ( Fig. 4A , 0-30 min) in non-stimulated cells. Receptor activation with 100 nM CXCL12 slightly changed the mobile receptor fraction to 69% (Fig. 4A , 0-30 min). Data collected after actin repolymerization (30 min after medium exchange) replicated the results acquired for cells with intact actin cytoskeleton ( Fig. 4A , 30-60 min). In resting cells, the fraction of the mobile receptors reached 77% and in the cells stimulated with CXCL12, it dropped to 56%.
In summary, our results suggest that in resting cells with intact actin skeleton, the immobile CXCR4 receptors were not anchored to the actin cytoskeleton. Activation by CXCL12 induced an actin-dependent process promoting CXCR4 immobilization. Thus, our result suggests that actin might have an indirect effect on CXCR4 regulation, which will be discussed later.
CXCR4 in endocytotic vesicles contribute to the immobile receptor fraction
Upon stimulation many GPCRs proceed to internalization [50, 55, 57] . Activated GPCRs are known to bind to β-arrestin, which in turn links them to the AP2 adapter complex [60] and facilitates their clathrindependent endocytosis. Given that CXCR4 is known to internalize via clathrin-dependent endocytosis upon stimulation and, at the same time, to undergo constitutive internalization without stimulation [4] , we further hypothesized that receptor internalization could possibly explain the drop of the mobile CXCR4 receptor fraction upon stimulation.
To test this hypothesis we inhibited clathrin-mediated endocytosis by the water-soluble inhibitor chlorpromazine (CHZ). CHZ causes loss of clathrin from the cell surface in the coated pits and, therefore, prevents formation of new clathrin-coated vesicles (CCVs) [54, 63] . 30 min incubation of A673-CXCR4 cells with 25 μM CHZ was sufficient to inhibit clathrin-dependent endocytosis of CXCR4 effectively.
Single-molecule imaging revealed that CHZ pre-treated cells exhibited the same mobile CXCR4 receptor fraction (α = 74 ± 9%) as control cells (α = 81 ± 3%). However, in the CHZ pre-treated cells the mobile receptor fraction was composed of two sub-fractions, a freely diffusing fraction (62 ± 7%) and a receptor fraction that exhibited confined diffusion (12 ± 9%). The latter is reflected by a sub-linear increase of MSD with timelag ( Fig. 4 B,C) . Both sub-fractions of mobile receptors showed similar diffusion coefficients as the fraction of mobile receptors in resting cells, D CXCR4 (CHZ) = 0.16 ± 0.02 μm 2 /s. The size of the confinement zone was estimated from a fit to the plateau in the MSD vs time plot ( Fig. 4B ) according to Eq. (4) in M&M and yielded r conf = 236 ± 6 nm. Given the typical radius of a clathrin-coated vesicle of~75-100 nm [33] , which contains a surface area of 0.07-0.13 μm 2 , equal to the area covered by the confinement zone in our experiments, we suggest that receptors exhibiting confined diffusion correspond to the receptors trapped in a pre-cursor structure of clathrincoated pits. Thus, in CHZ pre-treated cells mobile receptors undergoing constitutive internalization accumulate in a precursor structure of clathrin-coated pits and stay locked there since endocytosis cannot proceed.
When CHZ pre-treated cells were stimulated with 100 nM CXCL12, the fraction of mobile receptors decreased (α = 56 ± 6%) and the distribution of receptors between freely diffusing and confined fractions changed dramatically (Fig. 4C ). Nearly all receptors showed confined diffusion, while only a small fraction showed free diffusion (52 ± 5% and 4 ± 3%, respectively), suggesting that activated receptors proceed to internalization. This is in good agreement with our internalization experiment ( Fig. 1C ) and with data from other groups [41, 61] , showing that upon stimulation the rate of CXCR4 internalization increases.
It has been reported that CHZ, like other endocytosis inhibitors, exhibit physiological side effects [12] . Hence, we performed additional studies using the endocytosis inhibitor pitstop 2. Pitstop specifically targets clathrin-mediated endocytosis via interference with the terminal domain of the clathrin heavy chain [22] . Qualitatively the experiments retrieved the results we obtained with CHZ. We found a confineddiffusion fraction characterized by a confinement size of 220 nm. Receptor stimulation with 100 nM CXCL12 led to some receptor redistribution between fractions, but less dramatic as that we found for CHZ treatment (Fig. S4) . A quantitative agreement could not be obtained, given the significant effect that even lowest concentrations of the pitstop-solvent DMSO has on membrane mobility [13, 26] .
In summary, CHZ prevents the formation of clathrin-coated vesicles and, hence, receptors proceeding to internalization get trapped in confined areas reminiscent of precursor structures of coated pits. Taken that, the fraction of the immobile receptors increased upon stimulation, our results suggest, that receptor immobilization was only partially caused by CXCR4 capture to clathrin-coated vesicles. The size of those vesicles was too small to directly observe receptor diffusion in the vesicle membrane (see below).
G-proteins control CXCR4 immobilization
Up to date, internalization of GPCR's is considered as a way of receptor desensitization. Our results, suggest that internalizing receptors appears as immobile. At the same time we find that immobilization of CXCR4 correlated with activation of receptors. Therefore, having established a correlation between receptor mobility and signaling, we were interested in how receptor mobility is affected when the signaling chain is disrupted at the level of G-proteins. Previous reports showed a change in G-protein mobility while the cAR1 receptor was stimulated [59] . Stimulation of CXCR4 mainly results in activation of two isoforms of the G α subunit: G αq and G αi [55] . Kleemann et al. showed elevated coupling of G αi to CXCR4 upon receptor stimulation [21] . This coupling of the G αi on the cytosolic side should not per se influence the receptor dynamics. However, hypothesizing that the G αi pathway activation might result in formation of a supramolecular scaffold [42] for further signaling, we probed how the interaction of CXCR4 with the G αi subunit could modulate the mobile receptor fraction.
In our experiments we used pertussis toxin (PTX) as an agent resulting in loss of coupling of G αi and the receptor [29, 35] . We preincubated A673-CXCR4 cells with PTX for 5 h. During the experiments PXT was also present in the medium. As predicted, in the resting cells, single-molecule imaging of CXCR4-eYFP did not show any change in the diffusion coefficient of the receptors. Moreover, the mobile receptor fraction did not change compared to the control without PXT (Fig. 4D ), suggesting that if G αi was coupled to CXCR4 it had no measurable impact on the receptor dynamics. However, when 100 nM CXCL12 was added to the cells, no significant drop in the mobile receptor fraction was observed (Fig. 4D ). This behavior was in contrast to the decrease in the mobile receptor fraction detected for CXCR4 receptors upon stimulation in control cells (Fig. 4D, green bar) . This result supports our earlier conclusion that a bigger fraction of immobile receptors is strongly correlated to receptor signaling.
In summary, our results imply that the decrease in the mobile receptor fraction upon stimulation must be interpreted as an outcome of the of the subsequent G αi -pathway activation potentially resulting in formation of a supramolecular scaffold (signalosome, Fig. 5 ), while blocking the receptor interaction with G αi lead to receptor mobility that did not change upon stimulation. 
Cross-talk between G-protein dependent and independent pathways
Our results showed, that immobilization of CXCR4 upon stimulation is facilitated via receptor endocytosis. At the same time the G αi -dependent pathway also leads to CXCR4 immobilization. Taken together, these results suggest that G-protein dependent and independent pathways are cross-regulated. Thus, we checked whether a G-protein dependent pathway would be affected by inhibition of CXCR4 endocytosis. We performed a Ca 2+ assay with the cells under different conditions. Cells with inhibited clathrindependent endocytosis (pre-treated with CHZ) showed no Ca 2+ release upon CXCR4 activation (Fig. 4E ). This result implies, that the G-protein independent pathway of receptor internalization was interfering with the early stages of a G α -dependent pathway.
In summary, we suggest that two processes together regulate CXCR4 mobility and, thus, activation/signaling. Endocytosis driven immobilization leads to desensitization while G-protein driven local signalosome formation might result in signal enhancement (Fig. 5 ). Together, both processes regulate the overall cellular response.
Discussion
GPCR signaling is a complex process in which only parts have been unraveled. Activation of CXCR4 promotes signaling through G-proteins resulting in expression of certain genes, cells survival/proliferation, chemotaxis, etc. Simultaneously G-protein independent pathways, e.g. β-arrestin, are activated and result in receptor desensitization [55] . All the biochemical pathways are studied in detail, but the role of the receptor dynamics on the plasma membrane remains poorly understood.
To elucidate the molecular mechanism of CXCR4 signal transduction, we studied CXCR4 during activation using the receptor mobility as a marker. Our results revealed that already in the resting cells receptor diffusion was not homogeneous. We detected two receptor species, one mobile and one immobile. Activation of CXCR4 with CXCL12 caused a concentration-dependent decrease of the mobile receptor fraction, indicating a correlation between receptor signaling and diffusion on the plasma membrane. Our data gives information on receptor diffusion at millisecond time scales, while, most biochemical or other receptor-signaling processes require longer time, e.g. endocytosis of a receptor takes~1 min [5, 9] . In this respect, our results depict a snapshot of the overall processes. However, we did not observe a time dependent change in the mobile receptor fraction (Fig. 3D) , meaning that there was a constitutive fraction of immobile receptors.
Many studies of GPCRs agree that receptors behavior/signaling strongly depends on the actin cytoskeleton. Actin remodeling was reported to have a key role in the pro-apoptotic responses upon GPCR activation [40] . Luo et al. showed that a major portion of CXCR4 is pre-coupled with the cortical actin binding proteincortactin [28] . Stimulation with CXCL12 induces further translocation of cortactin from endosomal compartments and colocalization with CXCR4. However, our results did not show actin-dependent changes in the diffusion coefficient of CXCR4, and actin depletion did not cause the predicted increase in receptor mobility. In contrast, in the actin depleted cells the fraction of mobile receptors was decreased compared to the control. These results imply that there is no direct physical interaction between receptors and actin. However, the change in the CXCR4 mobile fraction indicated, that there was actin-dependent regulation of receptor mobility.
Actin is known to play an important role in sorting of GPCRs to diverse membrane pathways after endocytosis [46, 57] . For instance, linking of the β2-adrenoreceptor to actin inhibits trafficking of endocytosed receptors to lysosomes and promotes their recycling to the plasma membrane [57] . Therefore, during actin cytoskeleton depletion one could expect that most of the receptors, which are endocytosed, follow the lysosomal route instead of being recycled to the plasma membrane ( Fig. 5, right side) . Such a process could lead to a change in the balance of different fractions of receptors present on the plasma membrane. Moreover, there are indications that actin is involved in all forms of endocytosis [46] . Though, actin was reported to function as a late component of clathrin-dependent endocytosis [33] it is responsible for a range of processes [20] . EM imaging and life-cell imaging showed that depletion of the actin cytoskeleton caused an increased fraction of shallow and curved clathrin-coated structures on the plasma membrane in comparison to invaginated structures and formed vesicles [5, 65] . Furthermore, it was shown that actin polymerization at the plasma membrane controls both the alignment and mobility of clathrin-coated vesicles, facilitates the internalization step, Fig. 5 . Model. Binding with CXCL12 CXCR4 is activating G-protein dependent (left) and independent (right) pathways. Activation of the biochemical pathways results in CXCR4 immobilization either in super-molecular signalosome, causing enhanced signaling, or in the clathrin-coated vesicles, resulting in receptor internalization, imply a cross-talk between these signaling cascades. and drives rapid transport of early endosomes away from the plasma membrane in the cytosol [46] . Hence, actin depletion can be considered as one form of indirect clathrin-dependent endocytosis inhibition at a later stage. Accordingly, in actin-depleted resting cells, CXCR4 undergoing constitutive internalization stall in vesicles, which cannot be removed from the plasma membrane ( Fig. 5, right side) . These receptors contribute to the observed immobile fraction (see below). During receptor activation, disturbed vesicle formation and/or vesicle scission could result in CXCR4 failing to proceed with endocytosis and to show the accompanying decrease in the mobile receptor fraction.
In our experiments we used chlorpromazine (CHZ) as water-soluble inhibitor of the clathrin-mediated endocytosis to directly address the question of how endocytosis interferes with the mobility of CXCR4 on the plasma membrane. CHZ causes loss of clathrin from the cell surface in the coated pits and, therefore, prevents formation of new clathrincoated vesicles (CCVs) [54, 63] . However, loss of clathrin from the cell surface would not affect the early stages of clathrin-coated structure (CCS) formation. Clathrin-coated vesicle formation consists of five steps: (1) nucleation, (2) cargo selection, (3) coat assembly, (4) scission and (5) uncoating [33] . The first two steps are promoted by a number of initiation proteins, e.g. FCHO 1,2, Epsin and adaptor proteins, e.g. βarrestin. These proteins result in initiation of the membrane curvature and receptor recruitment (Fig. 5, middle) . Further, the AP2 adaptor protein and clathrin are recruited during clathrin-coated pit maturation and coat assembly. Thus, a membrane invagination appears and progresses before recruitment of clathrin [33] . Therefore, CHZ pre-treated cells could still form precursor structures of clathrin-coated pits (pCCS).
Our data showed, that inhibition of a clathrin-dependent endocytosis with CHZ caused appearance of a receptor fraction undergoing confined diffusion. During CXCR4 activation in CHZ pre-treated cells all mobile receptors were diffusing in a confinement zone. The radius of the confinement zone (236 ± 6 nm) suggested that the confinement corresponded to precursor CCS (pCCS). Upon stimulation CXCR4 was driven to CCVs, but due to the CHZ pre-treatment, the receptors were confined to pCCS.
Thus, in untreated cells CXCR4 would be trapped in CCVs after stimulation. As the typical size of a CCV equals 100-200 nm which is within the axial resolution of our microscope (~1 μm), diffusion of the receptors on the vesicle surface will be detected as a 2D projection (Fig. 5) . To elucidate the effect hereof, we modeled free diffusion of the receptor on a vesicle (see in M&M) with a diffusion coefficient D CXCR4 (vesicle) = 0.2 μm 2 /s on the surface of a vesicle with a diameter d vesicle = 150 nm and subsequently analyzed the 2D-projection of the data. Our simulations revealed, that the MSD sphere-2D linearly increased with timelag and reached a plateau at a timelag of t = 50 ms ( Fig. S5) , which corresponds to the time lag of our single-molecule measurements. The simulations further revealed that the plateau value is given by MS
where R is the vesicle radius. Further, taking into account the positional accuracy of σ p.a. = 35 ± 7 nm, and the value we found for MSD 2 , σ MSD2 = 57 ± 2 nm, the vesicle radius is then given by 4 3 
. Using our experimental findings we calculated a value R MSD2 = 78 ± 3 nm which is very similar to the size of a clathrin-coated vesicle. Together these findings showed that the immobile receptors can be attributed to receptors diffusing in CCVs. Thus, CXCR4 undergoing constitutive internalization [4] would contribute to the immobile receptor fraction in resting cells and the increase of the immobile fraction during activation would be related to an elevated level of clathrin-dependent endocytosis of CXCR4. In summary, clathrin-dependent endocytosis is involved in regulation of CXCR4 mobility on the plasma membrane.
Stimulation experiments showed a concentration-dependent decrease of the mobile receptor fraction, indicating that receptor immobilization was correlated with CXCR4 activation. This was further confirmed by experiments in cells treated with PTX. PTX causes physical detachment of G αi from CXCR4 resulting in arrested signaling. Detachment of G αi from CXCR4 altered the ratio of mobile to immobile receptors in response to CXCL12 stimulation, compared to non-treated cells. There was no decrease in the mobile receptor fraction, further supporting our hypothesis of correlated CXCR4 mobility on the plasma membrane and signaling. As clathrin-dependent endocytosis is G-protein independent and the majority of biochemical signaling of CXCR4 is mediated through activation of the G αi -subunit, PTX is a tool to separate G-protein dependent and independent pathways. In contrast to neuroblastoma cells, where G αi detachment with PTX failed to inhibit internalization of CXCR4 upon CXCL12 addition [8] , our experiments suggest that in Ewing sarcoma, disrupted receptor signaling prevented receptor internalization. This idea is supported by a number of reports which showed an important role of caveolin (main component of caveolin-dependent endocytosis [39] ) in signaling of various molecules in Ewing sarcoma [32, 44, 45, 56] . For instance, it was shown that in Ewing sarcoma cells blockade of IGF1R endocytosis inhibits the receptor's signaling [32] . Furthermore, in our experiments, CHZ pre-treatment disturbed G αq -dependent Ca 2+ release upon CXCL12 stimulation.
In conclusion, here we showed that in Ewing sarcoma derived A673 cells the CXCR4 receptor mobility on the plasma membrane is strongly correlated with receptor signaling. Activated receptors are immobilized into various structures on the plasma membrane. Immobilization of the receptor is facilitated via clathrin-dependent endocytosis structures, e.g. vesicles as well as via G αiinitiated supramolecular scaffolding. Inasmuch as these processes lead to opposite effects (desensitization and signal enhancement in signalosomes, respectively) our results imply that a balanced and functional cross-talk of the G-protein dependent and independent pathways might be important for a faithful distribution of the mobile an immobile CXCR4 on the plasma membrane, which in turn might serve as a regulatory mechanism in receptor signal transduction.
Materials and methods
Cell culture and transfection
A673 cells were maintained in IMDM cell culture medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, USA) at 37°C and 5% CO 2 . To study the CXCR4 receptor, A673 wild type (A673 wt) cells were stably transfected using a retroviral construct encoding for CXCR4-eYFP (kindly provided by Prof. Dr. Nikolaus Heveker, University of Montreal). Viral transfection was performed as follows. 5 × 10 4 cells/well were seeded in a 24-well plate; the next day, 1MOI of viral particles and 5 μg/mL polybreen was added for 24 h, followed by medium refreshment. For experiments A673 cells stably transfected with CXCR4-eYFP (further referred to as A673-CXCR4 cells) were used after three passages.
Sample preparation
For imaging~1 × 10 5 of A673-CXCR4 cells were placed in 0.35 mm culture dishes (Ibidi, Germany) in 2 mL of complete IMDM medium (with 10% FBS) and left to attach overnight. Before imaging the medium in the dish was replaced with fresh IMDM without serum to minimize autofluorescence. During imaging the CO 2 level was maintained at 5% and temperature at 37°C using the INUBG2E-ZILCS (TokaiHit, Japan).
Global CXCL12 stimulation assay
Activation of the CXCR4 receptor with its specific ligand -CXCL12 (Gibco, USA)was done as global stimulation just before imaging: CXCL12 was added to the medium to a final concentration of 6-200 nM. Single-molecule or confocal imaging was performed within 1 h after addition of CXCL12.
Calcium assay
The change of the intracellular Ca 2+ concentration was measured using cell-permeant Fluo4-AM (Invitrogen, USA). Cells were supplemented with 10 μM Fluo4-AM for 30 min; prior to imaging the medium in the samples was replaced with fresh IMDM without serum to remove Fluo4-AM from the cells environment. Using time-lapse confocal microscopy (see below) the Fluo4-AM fluorescence was detected in individual cells with 50 ms laser pulses at 488 nm. Time-lapse imaging of the cells was done with a 100 × objective at 5 Hz for 5 min. Where indicated, imaging was done with a 10 × objective and the fluorescence change was determined for the whole field of view. At a specified time point 100 nM CXCL12 was added and the change in fluorescence intensity inside individual cells was registered.
Actin depolymerization
To induce cytoskeletal actin depolymerization cells were preincubated with 500 nM latrunculin B (LatB; Sigma, USA) for 30 min, which was sufficient for temporal actin cytoskeleton depletion. Subsequently cells were washed with fresh medium and imaged in serum free IMDM with or without global stimulation. Imaging was performed in a 30 min time window after medium change. The actin cytoskeleton was repolymerized within that time ( Fig S1) .
Endocytosis inhibition
Endocytosis inhibition was achieved by addition of 25 μM chlorpromazine (CHZ; Sigma, USA), to the cells for 30 min prior to imaging. For imaging the medium was replaced by serum free IMDM and single-molecule or confocal imaging was done in absence or presence of CXCL12.
G αi inhibition
Pertussis toxin (PTX; Sigma, USA) was used to detach G αi from CXCR4. A673-CXCR4 cells were pre-incubated with 200 ng/mL PTx for 5 h and then single-molecule imaging was done in presence of PTx in the serum free IMDM medium with or without global stimulation.
Single-molecule imaging
For single-molecule imaging we combined wide-field microscopy with high-sensitivity fluorescence microscopy as described in detail earlier [49] . In brief, the sample was mounted onto an inverted microscope (Zeiss, Germany) equipped with a 100 × objective (NA = 1.4, Zeiss) and a liquid nitrogen-cooled back-illuminated CCD-camera (Princeton Instruments, USA). A region of interest was set to 40 × 40 pixels with an apparent pixel size of 202 ± 2 nm. Measurements were done by illumination of the sample with a 514 nm laser beam (Coherent, Germany) for 5 ms at the intensity of 2 kW/cm 2 . 1500 images were recorded at 20 Hz. Use of the appropriate filter combination: dichroic: z405/514/647/1064rpc and emission filter: z514/647m (Chroma, USA) permitted the signal detection by the CCD-camera. The x/y positions of individual molecules was determined with a localization precision of σ p.a. = 35 ± 7 nm.
Image analysis was done using programs written in MatLab (Mathworks Inc., USA) as described before [49] . Briefly, the signal acquired from individual eYFP molecules was fitted with a 2D-Gaussian and filtered with respect to peak intensity, peak width and detection error thresholds. Subsequently, particle image-correlation spectroscopy analysis, PICS, [51] was used to calculate the cumulative probability (cdf) of squared displacements. The cdf revealed that CXCR4 diffusion was not homogeneous and was best described with a model accounting for two or three fractions:
where α is the fraction size of the receptors with corresponding characteristic mean square displacement, MSD(t). The MSD(t) was calculated for different time lags, t, up to 300 ms. Subsequently the MSD was analyzed at different time lags to extract the diffusion coefficient (D):
where the offset s 0 is a measure for the localization precision (s 0 =4σ 2 ). For each experimental condition the MSD and α was calculated separately. There was no difference in MSD values between resting and stimulated cells. Thus the data was re-analyzed jointly, with α as a free parameter.
In indicated cases the radius of the confinement, r conf , was calculated as [48] :
Time-lapse microscopy
Time-lapse microscopy was performed using a spinning disk (Yokogawa, Japan) microscope (Zeiss, Germany) equipped with a motorized stage (Maerzhauser, Germany) and a home-built autofocus system facilitating time-lapse imaging at multiple positions. Imaging was done with a 10 × or 100 × objective (Zeiss, Germany) using brightfield, 488 nm or 514 nm laser illumination at a specified time lag. Image analysis was done using algorithms in MatLab (Mathworks Inc., USA).
Simulation of diffusion on a vesicle
We modeled free diffusion of the receptors with a diffusion coefficient D CXCR4 (vesicle) = 0.2 μm 2 /s on the surface of a sphere with a diameter d vesicle = 150 nm. Molecules on the sphere were initialised at the positions p i = (x i , y i , z i ) representing a random distribution on the sphere surface. At each time-lag (Δt = 10 −5 s) each molecule was displaced to a temporary position p i ' = (x i ' = x i + Δx i , y i ' = y i + Δy i , z i ' = z i + Δz i ). The displacement in each dimension, i.e. Δx i , Δy i and Δz i , were assigned an arbitrary length randomly selected from a normal distribution with a width of √MSD = √(2Dt). On this scale the surface of the sphere was considered flat and the displacement of the molecule was taken as a projection of p i ' on the sphere surface by transformation into spherical coordinates, while the r-coordinate was set as equal to the radius of the sphere. Subsequently the new (x i , y i , z i ) positions of the molecules were determined as a transformation into cartesian coordinates. Thus, the (x i , y i , z i ) positions determined after each Δt represent the displacement of a molecule on the sphere surface. Using the (x i , y i ) coordinates we calculated the mean square displacement of the molecules in a projection to a plane to mimic the image of moving molecules in a microscope image; MSD sphere-2D . Our simulations revealed, that at t = 50 ms MSD sphere-2D was reaching a plateau and the value of the plateau was determined to be:
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